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Allosteric modulators of G-protein-coupled receptors (GPCRs) enhance signaling by
binding to GPCRs concurrently with their orthosteric ligands, offering a novel
approach to overcome the efficacy limitations of conventional orthosteric ligands. How-
ever, the structural mechanism by which allosteric modulators mediate GPCR signaling
remains largely unknown. Here, to elucidate the mechanism of p-opioid receptor
(MOR) activation by allosteric modulators, we conducted solution NMR analyses of
MOR by monitoring the signals from methionine methyl groups. We found that the
intracellular side of MOR exists in an equilibrium between three conformations with
different activities. Interestingly, the populations in the equilibrium determine the
apparent signaling activity of MOR. Our analyses also revealed that the equilibrium is
not fully shifted to the conformation with the highest activity even in the full agonist-
bound state, where the intracellular half of TM6 is outward-shifted. Surprisingly, an
allosteric modulator for MOR, BMS-986122, shifted the equilibrium toward the con-
formation with the highest activity, leading to the increased activity of MOR in the full
agonist-bound state. We also determined that BMS-986122 binds to a cleft in the
transmembrane region around T162 on TM3. Together, these results suggest that
BMS-986122 binding to TM3 increases the activity of MOR by rearranging the direct
interactions of TM3 and TM6, thus stabilizing TM6 in the outward-shifted position
which is favorable for G-protein binding. These findings shed light on the rational
developments of novel allosteric modulators that activate GPCRs further than orthos-
teric ligands alone and pave the way for next-generation GPCR-targeting therapeutics.

GPCR | solution NMR | allosteric modulator

G-protein-coupled receptors (GPCRs) are seven-transmembrane receptors that play
critical roles in a broad range of cellular responses by coupling with various effectors,
such as heterotrimeric G proteins or arrestins (1). More than 30% of clinically used
therapeutics target GPCRs by binding to the orthosteric sites of the receptors (2),
where their intrinsic ligands bind, highlighting the pharmacological and biological
importance of GPCRs. GPCR ligands have different efficacy levels, which correlate
with their therapeutic properties (3). The orthosteric ligands that exhibit the highest
efficacies among the known ligands are classified as the full agonists. Despite extensive
screening efforts, orthosteric ligands that harbor higher efficacies than those of the cur-
rently known full agonists have been rarely identified (4, 5). This fact clearly illustrates
the limitation of the GPCR activity that the orthosteric ligands can elicit. On the other
hand, in many GPCRs a residue substitution increases the activity of the GPCR in the
full agonist-bound state (6-8). These previous observations indicated that the activities
of GPCRs bound to their full agonists are not the highest levels attainable by GPCRs.
Accordingly, allosteric modulators, which enhance the affinity of orthosteric ligands
and/or the signaling activity of GPCRs in complex with orthosteric ligands by binding
to nonorthosteric sites, have attracted pharmaceutical interest as a novel approach to
enhance the activation of GPCRs beyond the capability of the orthosteric agonists
alone (9). Several allosteric modulators of GPCRs as well as some three-dimensional
structures of GPCRs in complex with allosteric modulators have been reported
(10-15). However, these static structures in crystals or ice do not exhibit significant
differences as compared to those in the absence of the allosteric modulators. Therefore,
the structural mechanism of GPCR activation of allosteric modulators remains still
largely unknown, hampering rational developments of allosteric modulator-based
GPCR-targeting therapeutics.

The p-opioid receptor (MOR) is one of the class A GPCRs stimulated by opioid
peptides, which are released in response to pain or stress states to induce analgesia (16,
17). Opioid analgesics, such as morphine, are orthosteric agonists of MOR that stimu-
late it to induce analgesia. Some allosteric modulators of MOR have been reported
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The allosteric modulators, which
bind to nonorthosteric sites to
enhance the signaling activities of
G-protein-coupled receptors
(GPCRs), are new candidates for
GPCR-targeting drugs. Our
solution NMR analyses of the
p-opioid receptor (MOR) revealed
that the MOR activity was
determined by a conformational
equilibrium between three
conformations. Interestingly, an
allosteric modulator shifted the
equilibrium toward a
conformation with the highest
activity to a level that cannot be
reached by orthosteric ligands
alone, leading to the increased
activity of MOR. Our NMR analyses
also identified the binding site of
the allosteric modulator, including
the residues contributing to the
regulation of the equilibrium.
These findings provide insights
into the rational developments of
novel allosteric modulators.
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Fig. 1. The signaling activities and "H-'3C HMQC spectra of MOR. (4) The chemical structure of BMS-986122. (B) The signaling activities of MOR/A6M or
MOR/A6M/N152A, in the antagonist naloxone-bound, the partial agonist morphine-bound, and the full agonist DAMGO-bound states, in the absence and
presence of the allosteric modulator BMS-986122, measured by a GTP turnover assay. Data are presented as the percentage of stimulation of the full ago-
nist DAMGO-bound state of MOR/A6M. Data shown are means + SEM of four independent experiments, each performed in duplicate. Comparisons of data
were performed by using an unpaired two-tailed Welch's t test with significance denoted by asterisks: *P < 0.05; no significance (n.s.): P > 0.05. (C) The distri-
bution of methionine residues of MOR/A6M in the structure of MOR bound to the full agonist DAMGO and G protein (PDB ID code 6DDF). (D) TH-"3C HMQC
signals of M283 of MOR/A6M or MOR/A6M/N152A under each condition. The peak tops of the resonances from M283 are indicated with dots.

(18-21), and a compound termed BMS-986122 (Fig. 1A4)
exhibited the best subtype-selective allosteric modulator activity
(18, 22). BMS-986122 clicited analgesic effects in mice by
boosting the endogenous opioid peptide pathway (23), support-
ing the proposal that allosteric modulators of MOR could be a
novel type of analgesic (24). Three-dimensional structures of
MOR in the absence of allosteric modulators have been
reported (25-27) and revealed that the G; protein binds to a
cavity on the cytoplasmic side formed by the rotation and out-
ward shift of the intracellular half of transmembrane helix
(TM) 6, as also observed for GPCR structures bound to G pro-
teins (28-30). Based on these structural analyses, as proposed
for other GPCRs, we suggest that the intracellular half of TM6
in MOR shifts outward upon activation. However, the binding
site of the allosteric modulator for MOR and the mechanism
by which it increases the activity of MOR remain unknown.
Here, to clarify the structural basis for MOR activation by
the model allosteric modulator BMS-986122, we used NMR
spectroscopy, which allows observation of biomolecules in solu-
tion (6, 31-37), to analyze the dynamic structures and func-
tions of MOR. Previously, Wiithrich’s group observed NMR
signals from site-specifically modified '’F-probes and revealed
the conformational equilibrium in the P,-adrenergic receptor
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underlying the biased signaling pathway (38). Kobilka’s group
used e-">C methionine labeling with NMR observations to
show the conformational heterogeneity of the P,-adrenergic
receptor bound to various orthosteric ligands (39). Grzesiek’s
group used NMR with backbone '’N-valine labeling and char-
acterized the allosteric activation pathway between the ligand
binding pocket and the intracellular side of the thermostabi-
lized PB;-adrenergic receptor (40). Hagn’s group observed the
NMR signals from chemically modified ?C-MMTS probes
introduced in a neurotensin receptor variant and identified its
function-related equilibria (41). In this study, by using NMR
spectroscopy, we identified a previously unknown equilibrium
at the intracellular half of TM6, between three conformations
with different activities. Interestingly, the NMR data revealed
that the equilibrium in the full agonist DAMGO-bound state
is not completely shifted to the conformation with the highest
activity, where the intracellular half of TM6 is outward-shifted.
These findings indicated that MOR in the DAMGO-bound
state is not activated to the level it could potentially reach. Our
analyses also revealed that BMS-986122 increased the popula-
tion of this conformation in the equilibrium, thus enhancing
the activity of MOR. BMS-986122 binds to a cavity in the
transmembrane region of MOR, where T162 on TM3 plays a
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critical role in the activation by BMS-986122 as well as the
subtype selectivity. These data also suggested that BMS-986122
rearranges the interactions between TM3 and TM6, which
determine the apparent activity of MOR to perturb the equilib-
rium, resulting in the increased activity. Importantly, this mecha-
nism of MOR hyperactivation by BMS-986122 explains the
mechanism underlying the increased activity by point mutations
introduced on TM3 or TMS6, reported for other GPCRs.
Together, these results provide an approach for the rational
development of allosteric modulators of GPCRs that cannot be
sufficiently activated by conventional orthosteric ligands.

Results

Characterization of the Allosteric Modulation by BMS-986122.
In this study, we used our previous reported human MOR con-
struct, MOR/AGM (87 Appendix, Fig. S1; see SI Appendix, SI
Methods for details) (6). First, the effects of the allosteric modu-
lator BMS-986122 on MOR/AGM embedded in lauryl maltose
neopentyl glycol (LMNG) micelles were investigated (57
Appendix, Fig. S2). The MOR/A6M binding affinity of the full
agonist DAMGO, which has efficacy comparable to the intrin-
sic opioid peptide (18), increased by 1.9-fold in LMNG
micelles in the presence of BMS-986122 (S Appendix, Fig.
S2B). This result indicated that the mutations introduced in
the MOR/AGM construct do not affect the reactivity for BMS-
986122. We then quantitatively investigated the positive allo-
steric modulating activity of BMS-986122 on the stimulation
of the guanosine triphosphate (GTP) turnover rate of the heter-
otrimeric G; protein, using MOR/AGM bound to various
ligands (Fig. 1B and SI Appendix, Figs. S2 C-F and S3). When
normalized by the GTP turnover rate of the G; protein in the
presence of MOR/A6M in the full agonist DAMGO-bound
state, the activity of MOR/A6M in the antagonist naloxone-
bound state was 0%, confirming that MOR/A6M exhibits the
efficacy-dependent  Gj-protein-stimulating activity. Further-
more, the MOR/AGM activity increased from 46 to 74%
in the partial agonist morphine-bound state, and from 100 to
166% in the full agonist DAMGO-bound state, by the addi-
tion of a saturating amount (10 pM) of BMS-986122. These
values are in good agreement with those of the MOR construct
without six methionine mutations introduced in MOR/AGM,
where the DAMGO-binding affinity increased by 3.9-fold, and
the G;-protein-stimulating activities increased from 55 to 88%
in the partial agonist morphine-bound state and 91 to 133% in
the full agonist DAMGO-bound state upon the addition of
BMS-986122 (SI Appendix, Fig. S2). These results corrobo-
rated that the six methionine mutations do not alter how
BMS-986122 modulates the G-protein-signaling activity of
MOR. Intriguingly, the activity of the N152A variant of
MOR/AG6M, which has higher activity than the parental
MOR/AG6M (6), did not increase by the addition of BMS-
986122 in the full agonist DAMGO-bound state (190% and
196% in the absence and presence of BMS-986122, respec-
tively) (Fig. 1B and SI Appendix, Fig. S2F). These quantitative
analyses indicated that the MOR/AGM activity increases by the
addition of BMS-986122 even in the full agonist DAMGO-
bound state, and the degrees of enhancement by BMS-986122
differ depending on the orthosteric ligands bound to MOR.

NMR Resonances of MOR/A6M Methionine Residues. MOR/
AGM harbors a total of seven methionine residues, M92'>%
M101%°%%, M153%3¢, M163°%¢, M245°%°, M257°°', and

M283°3¢ [Fig. 1C superscripts refer to Ballesteros—Weinstein
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numbering (42)]. Among them, M283 resides at the intracellu-
lar tip of TMO6, suggesting that the NMR signals of M283 may
reflect the conformational changes of TM6, which directly
interacts with the G; protein. To observe the NMR resonances
of the methionine residues in MOR/AGM with high sensitivity
and resolution, we labeled it with [apy-"H, methyl-'>C]me-
thionine in a highly deuterated background in the insect cell
expression system that we previously established (6, 43). We
obtained "H-'">C heteronuclear multiple quantum coherence
(HMQC) spectra of the isotope-labeled MOR/AGM and
MOR/A6M/N152A, under the same set of ligands and the
allosteric modulator BMS-986122 conditions as the GTP turn-
over assay (S/ Appendix, Fig. S4 A-D). The assignments of the
signals from M283 were established by comparing the spectra
with those of the variants, in which M283 was substituted with
a leucine residue (SI Appendix, Fig. S5). M283 exhibited three
signals in the full agonist DAMGO-bound state, at the 'H and
'°C chemical shifts of 1.96 and 16.4 ppm, 1.96 and 16.8 ppm,
and 2.20 and 17.6 ppm (Fig. 1D). Hereafter, we refer to these
signals as M283 (1), M283 (2), and M283 (3), in the order of
their '>C chemical shifts. The relative intensities of these signals
changed upon decreasing the temperature from 298 K to
288 K (81 Appendix, Fig. S6), indicating that they undergo a
chemical exchange process between three local conformations
on a time scale slower than the chemical shift differences of
these states. A comparison of the spectra in the absence and
presence of BMS-986122 under three conditions, MOR/A6M
in the partial agonist morphine-bound state, MOR/AGM in
the full agonist DAMGO-bound state, and MOR/AGM/
N152A in the DAMGO-bound state, revealed that the intensi-
ties of the M283 (1), M283 (2), and M283 (3) signals varied
depending on the conditions. These results indicated that the
populations in the equilibrium were altered among these condi-
tions. Indeed, under any conditions tested the NMR signals
from M283 were observed at one or more of the three posi-
tions, indicating that the conformational equilibrium exists
under all these conditions. Interestingly, the addition of BMS-
986122 altered the populations for MOR/A6M but not for
MOR/A6M/N152A in the full agonist DAMGO-bound state.
Next, we compared the intensities of M283 (1), M283 (2),
and M283 (3) (Fig. 1D) with the signaling activity of MOR
(Fig. 1B). In the antagonist naloxone-bound state, only the
M283 (3) signal was observed. This demonstrated that the
M283 (3) signal reflects a conformation lacking the G-protein-
stimulating activity, since MOR did not exhibit signaling activ-
ity. Therefore, we hereafter refer to the M283 (3) signal as
M283" (for the Inactivated conformation). In the full agonist
DAMGO-bound state of MOR/A6M/N152A in the presence
of BMS-986122, where the highest signaling activity was
observed, only the M283 (1) signal was observed. Under the
conditions where intermediate signaling activities were observed,
ie, in the partial agonist morphine- and the full agonist
DAMGO-bound states, the intensity of the M283 (1) signal
decreased, and the M283 (2) signal was observed. Upon the
addition of BMS-986122 or the introduction of the N152A
mutation, which both increase the MOR activity, the intensities
of M283 (1) and M283 (2) increased and decreased, respectively.
These observations indicated that the M283 (1) and M283 (2)
signals reflect the conformations with the highest and intermedi-
ate activities, respectively. Therefore, we hereafter refer to the
M283 (1) signal as M283" (for the Fully Activated conforma-
tion) and the M283 (2) signal as M283™ (for the Partially Acti-
vated conformation). By optimizing the relative activity of each
conformation to clarify the apparent activity under these
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conditions, relative activities of 0.00, 0.64, and 1.00 for the inac-
tivated, partially activated, and fully activated conformations
were obtained, respectively, with an R value of 0.96 (S7
Appendix, Fig. S7). Together, these results demonstrated that the
three signals from M283 reflect distinct conformations with dif-
ferent activities, and the equilibrium between these conforma-
tions determines the apparent activity of MOR.

For M257 on TM5, which is the closest methionine residue
to M283 (Fig. 1), changes in signal line widths depending on
the conditions were observed (SI Appendix, Fig. S8). The line
widths of M257 in the full agonist DAMGO-bound state
sharpened as the temperature was decreased from 298 K to 288
K, which is the same change observed upon the addition of
BMS-986122 at 298 K (SI Appendix, Fig. S6). Because the cor-
respondence of the spectral changes upon decreasing the tem-
perature and adding BMS-986122 was consistent with that
observed for M283, these results indicate that both of these
neighboring residues, M257 and M283, are involved in the
same conformational equilibrium on the intracellular side of
MOR (Fig. 1C and SI Appendix, Fig. S6). The other signals
from the methionine residues did not exhibit changes that sug-
gested population shifts in the conformational equilibrium (857
Appendix, Fig. S9). However, it should be noted that the per-
turbations of the signals of M153, M163, and M245 upon the
addition of BMS-986122 suggested that the local environments
of these residues, which are near the BMS-986122 binding site,
were affected by the interaction with BMS-986122 by itself (S7
Appendix, Fig. S9; see below).

Characterization of Conformations in the Function-Related
Equilibrium by Solvent Paramagnetic Relaxation Enhance-
ment Analyses. To examine the structural characteristics of
each conformation with different activity in the equilibrium of
MOR, the solvent accessibilities of the methionine residues
were examined by solvent paramagnetic relaxation enhance-
ment (PRE) experiments (44, 45). In these experiments,
Gd-diethylenetriamine pentaacetic acid-bismethylamide (Gd-
DTPA-BMA), a freely diffusable paramagnetic probe (44), was
added to the sample containing MOR. The PRE effects arising
from the magnetic dipolar interactions between the nuclear
spin and the unpaired electron spin of the diffusing paramag-
netic probe enhance the relaxation of the nuclear spins. This
leads to the intensity reduction of the NMR signals of the
solvent-exposed residues in a manner dependent on the aver-
aged distance from the paramagnetic probes in solution. First,
we conducted the solvent PRE analyses for MOR in the antag-
onist f-funaltrexamine (B-FNA)-bound state (S7 Appendix, Fig.
S10 A-Q), for which a crystal structure has been reported (25).
We compared the solvent PRE effects observed for methyl
groups of methionine residues with the solvent accessibilities in
the crystal structure (S/ Appendix, Fig. S10 D and E), which
were calculated based on the Hwang—Freed model to predict
solvent PRE effects, as reported previously (44, 45). This sol-
vent accessibility value decreases as the methyl group becomes
more exposed to the solvent, for which the larger PRE effects
from the paramagnetic probe Gd-DTPA-BMA are predicted.
In this experiment, we used the MOR construct that lacks the
A6M mutations, in order to increase the number of signals
analyzed. The signals of the detergent LMNG methyl groups in
micelles, which serve as the internal reference of the shielded
methyl groups, exhibited an intensity reduction ratio of 0.33 +
0.01 (SI Appendix, Fig. S10C). The solvent accessibility of each
methionine residue MOR in the antagonist f-FNA-bound
state revealed by our solvent PRE analyses correlated with that
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of each methionine residue calculated from the crystal structure
of MOR bound to B-FNA (25) (S Appendix, Fig. SI0E, R =
0.97; see SI Appendix, SI Methods for details).

We then used solvent PRE analyses to examine the solvent
accessibilities of M283 in each conformation of the function-
related equilibrium. We estimated that the exchange rates
between the three conformations are slower than the chemical
shift differences of the M283', M283™, and M283™ signals,
i.e., slower than 20 s'. The differences in the transverse PRE
effects arising from the paramagnetic probe Gd-DTPA-BMA in
the solvent can reportedly be larger than these exchange rates
(44), i.e., as large as 50 s ', indicating that the slow chemical
exchange process does not average the solvent PRE effects expe-
rienced in each conformation. Therefore, the PRE effects for
M283', M283"*, and M283" should reflect the solvent acces-
sibilities of the methyl group of M283 in the inactivated, par-
tially activated, and fully activated conformations, respectively.
The "H-"C HMQC spectra of MOR/AGM bound to the full
agonist DAMGO were then acquired in the absence and pres-
ence of the paramagnetic probe Gd-DTPA-BMA (Fig. 2 A and
B and SI Appendix, Fig. S4E). The intensity reduction ratio of
the detergent LMNG methyl group shielded in micelles was 0.
36 + 0.01 (Fig. 20) and was similar to that in the antagonist
B-FNA-bound state (S/ Appendix, Fig. S10G 0.33 + 0.01).
The signal intensity reduction ratios of the three signals from
M283 before and after the addition of Gd-DTPA-BMA were
0.62 + 0.17, 0.11 + 0.25, and 0.33 + 0.12 for M283",
M283", and M283', respectively (Fig. 2C). Of these, only
M283"* exhibited an intensity reduction ratio higher than that
of the detergent LMNG methyl, indicating that the methyl
group of M283 is only exposed to the solvent in the fully acti-
vated conformation. Using the correlation plot obtained for the
B-FNA-bound state (SI Appendix, Fig. S10E), the solvent
accessibilities estimated from the intensity reduction ratios of
M283" were calculated to be 2.2 A. A comparison of this
value with the solvent accessibilities of Met®>® in the MOR or
O opioid receptor structures deposited in the Protein Data
Bank (PDB) (25-27, 46—48) revealed that a solvent accessibil-
ity of 2.2 A can only be possible in the structures with the
outward-shifted intracellular half of TM6 (Fig. 2D and S/
Appendix, Fig. S11). These results strongly suggest that the
intracellular half of TMG6 is shifted outward in the fully act-
vated conformation, whereas it is shifted inward in the inacti-
vated and partially activated conformations, as compared to the
fully activated conformation.

Identification of the BMS-986122 Binding Site. T'o examine the
mechanism by which the allosteric modulator BMS-986122
alters the populations in the structural equilibrium at TM6, we
sought to identify the BMS-986122 binding site by identifying
the methionine residues with NMR chemical shifts perturbed
upon the addition of BMS-986122 (Fig. 34 and SI Appendix,
Figs. S9 and S12). As mentioned above, we observed significant
chemical shift perturbations or extreme line broadening for the
M153, M163, and M245 signals upon the addition of 100 pM
of BMS-986122 to 10 to 20 pM of MOR/AGM, which results
in the bound population of 98%, considering the fact that the
binding constant of BMS-986122 for MOR/A6M is 1.7 pM
(Fig. 3 B and Cand SI Appendix, Figs. S3 and S9). The line
broadening of the NMR signals upon the addition of BMS-
986122 is caused by the local dynamics of MOR/AGM in the
BMS-986122-bound state. The perturbations of these NMR
signals indicated that the local environments of these residues,
which are in the vicinity of the BMS-986122 binding site, are
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Fig. 2. The solvent PRE analyses of MOR in the full agonist DAMGO-bound state. (A) "H-"3C HMQC signals of M283 of MOR/A6M in the full agonist DAMGO-
bound state in the absence of the paramagnetic probe Gd-DTPA-BMA (blue) and in the presence of 2 mM Gd-DTPA-BMA (orange). The NMR spectra were
acquired with an Avance-900 spectrometer (900 MHz "H). The peak tops of the resonances from M283 in the absence of Gd-DTPA-BMA are indicated with
dots. (B) Cross-sections of the "H-'3C signals at the dashed lines indicated in A. (C) Plots of the intensity reduction ratios calculated from the signal intensities
of M283, in the presence and absence of Gd-DTPA-BMA. The bars represent the experimental errors, calculated from the root sum squares of the ratios of
the noise level to the signal intensity. (D) Intracellular views of the surface representation of MOR structures in complex with the antagonist g-FNA (gray,
PDB ID code 4DKL) or the full agonist DAMGO and the G protein (pink, PDB ID code 6DDF). The surface of M283 is indicated in blue. The M283 residue in
MOR bound to DAMGO and the G protein is exposed to the solvent by the outward shift of the intracellular side of TM6, as compared with the structure of

MOR bound to the antagonist.

affected by the interaction with BMS-986122. To identify
BMS-986122 binding site, methionine residues were intro-
duced by point mutations near these residues, at the positions
of W158, L196, L234, and 1240 (SI Appendix, Figs. S1A and
S12). One new signal was observed in the spectra of the MOR/
A6GM/W158M, MOR/L196M, MOR/L234M, and MOR/
AG6M/1240M variants in the full agonist DAMGO-bound state
(81 Appendix, Fig. S12 A and B), indicating that the signal was
from the introduced methionine. Among these four variants,
upon the addition of BMS-986122 only the signal from M158
of the W158M variant exhibited a chemical shift difference as
large as 0.17 ppm (87 Appendix, Fig. S12C). These results sug-
gest that W158 resides close to the binding interface, while
L196, 1234, and 1240 do not. When mapped on the structure
of MOR in complex with the full agonist DAMGO and the G;

PNAS 2022 Vol.119 No.16 2121918119

protein (27), M153, W158, M163, and M245 all exist near a
cleft on the molecular surface in the transmembrane region,
and T162 resides at the bottom of the cleft (Fig. 3C and S/
Appendix, Fig. S12D). Intriguingly, T162 is a unique residue in
MOR and not conserved in the other opioid receptor subtypes,
d opioid receptor and x opioid receptor, which both have methi-
onine residue in the corresponding positions (SI Appendix, Fig.
S13). Considering that BMS-986122 exhibits subtype selectivity
for MOR (18, 22), we substituted T162 with methionine and
analyzed the changes in the NMR spectra of this variant, MOR/
AG6M/T162M, in the full agonist DAMGO-bound state, in the
presence and absence of BMS-986122. As a result, the M153
and M245 signals did not disappear, and the M162 and M163
signals did not exhibit chemical shift changes, indicating that
T162M mutation abolished the interaction of MOR with
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Fig. 3. Elucidation of the BMS-986122 binding site on MOR. (4) 'H-">C HMQC signals of M245, M153, and M163 of MOR/A6M in the full agonist DAMGO-
bound state in the absence (blue) and presence (magenta) of the allosteric modulator BMS-986122. The peak tops of the resonances from M245, M153, and
M163 are indicated with dots. The resonances of M245” and M153 were not observed in the DAMGO-bound state in the presence of BMS-986122. (B) Chem-
ical shift differences of the methionine "H-"3C HMQC signals, except for M283, which showed the population shift in the equilibrium, between the presence
and absence of BMS-986122 in the full agonist DAMGO-bound state. The chemical shift differences in the 'H and '3C directions were normalized with the

equation (32) /82, + (823./3.5)%, where the normalization factor 3.5 is the ratio of the SD of the methionine of "H and '3C methyl chemical shifts deposited
in the Biological Magnetic Resonance Data Bank (https://bmrb.io/). For the split signals in M163 (1), the major signals were used to calculate the chemical
shift differences. Residues highlighted with green backgrounds are those not observed in the full agonist DAMGO-bound state in the presence of BMS-
986122. (C) Mapping of the perturbed residues on the crystal structure of MOR bound to an antagonist (PDB ID code 4DKL). Green spheres represent car-
bon atoms of methyl groups of the methionine residues that exhibited chemical shift differences larger than 0.1 ppm or extreme line broadening upon the
addition of BMS-986122. (D) "H-"3C HMQC signals of M245, M153, and M163 of MOR/A6M/T162M in the full agonist DAMGO-bound state in the absence
(blue) and presence (magenta) of BMS-986122. The peak tops of the resonances from M245, M153, and M163 are indicated with dots. (E) The signaling activ-
ities of MOR/A6M or MOR/A6M/T162M in the full agonist DAMGO-bound state in the absence and presence of BMS-986122, measured by a GTP turnover
assay. Data are presented as the percentage of stimulation of the DAMGO-bound state of MOR/A6M. Data shown are means + SEM of four independent
experiments, each performed in duplicate. Comparisons of data were performed by using an unpaired two-tailed Welch's ¢t test with significances denoted
by asterisks: *P < 0.05; no significance (n.s.): P > 0.05.
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Fig. 4. Effects of mutations introduced in the interface between TM3 and TM6 on the signaling activity and the conformational equilibrium of MOR. (A, Left)
Mapping of T162, which composes the binding site of the allosteric modulator BMS-986122, and M283, for which the conformational equilibrium was
observed, on the structure of MOR bound to the antagonist p-FNA (PDB ID code 4DKL). (A, Right) Mapping of the hydrophobic residues composing the inter-
face of TM3 and TM6, namely, L160, M163, V284, V287, and V288. (B) The signaling activities of MOR/A6M/M245V or its variants in the full agonist DAMGO-
bound state measured by a GTP turnover assay. M245V was introduced to alleviate the NMR signal overlaps. Data are presented as the percentage of stimu-
lation of the DAMGO-bound state of MOR/A6M/M245V. Data shown are means + SEM of four independent experiments, each performed in duplicate. Com-
parisons of data were performed by using an unpaired two-tailed Welch’s t test, with significance denoted by asterisks: *P < 0.05; no significance (n.s.): P >
0.05. (€) "H-"3C HMQC signals of M283 of MOR/A6M, MOR/A6M/M245V/V287A, or MOR/A6M/M245V/M1631 under each condition. The centers of the reso-
nances from M283 are indicated with dots. In the V287A variant, the resonances of M283™ and M283" were not observed. In the M163l variant, the reso-

nances of M283™ and M283' were not observed.

BMS-986122 (Fig. 3D and SI Appendix, Fig. S3F). Furthermore,
the addition of BMS-986122 to the MOR/AGM/T162M vari-
ant did not enhance the Gi-stimulating activity (Fig. 3E). These
results indicate that BMS-986122 recognizes the surface of
MOR where the residue on TM3, T162, is exposed to the lipid
membrane side, and that the subtype selectivity of BMS-986122
for MOR stems from the recognition of T162, which is unique
to MOR among the opioid receptors.

Mechanism of the Conformational Equilibrium Shift by BMS-
986122. To further explore the mechanism by which BMS-
986122 binding to the region containing T162 in TM3
modulates the conformational equilibrium in TM6, we investi-
gated the effects of mutations on the interface between TM3
and TM6. Considering that TM3 directly contacts TM6
through a conserved hydrophobic cluster composed of L160,
M163, V284, V287, and V288 in the crystal structure of the
antagonist B-FNA-bound state (Fig. 44), we introduced point
mutations to the abovementioned five residues, L1G60A,
M1631, V284A, V287A, and V288A, to rearrange the hydro-
phobic cluster and investigated the signaling activities of these
variants in the full agonist DAMGO-bound state (Fig. 45).
The introduction of the M1631 and V287A variants results in

PNAS 2022 Vol.119 No.16 2121918119

higher (205%) and lower (2%) signaling activities, respectively
(Fig. 4B). In the NMR spectra, only the M283"A signal was
observed from M283 for the M163I variant, whereas only the
M283! signal was observed for the V287A variant (Fig. 4C and
SI Appendix, Fig. S4G). The signaling activities of the M1631
and V287A variants were 196% and 0%, respectively, as calcu-
lated from the populations of the NMR signals of M283 using
the weighting factor determined from the optimization (S/
Appendix, Fig. S7), in good agreement with the activities deter-
mined from the GTP turnover assay (205% and 2%, respec-
tively) (Fig. 4B). These data demonstrated that mutations of
M163 on TM3 or V287 on TMG6 alter the activity by modulat-
ing the populations of the function-related equilibrium. The
substitution of M163 with an isoleucine increases the volume
of the side chain, whereas the alanine substitution of V287
decreases it. These changes correlate with the increase and
decrease of the population of the fully activated conformation,
where the intracellular half of TM6 is outwardly shifted. There-
fore, the mutations shift the conformational equilibrium by
increasing or decreasing the steric clashes within the hydropho-
bic cluster that directly pushes TM6 outward. Since BMS-
986122 binds to the region containing T162, which is next to
M163 in the hydrophobic cluster, and induces an effect on the
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conformational equilibrium and activity similar to the M163I
mutation, BMS-986122 binding might shift the conforma-
tional equilibrium by increasing the steric clash on the hydro-
phobic cluster, as the M163] mutation increases the size of the
side chain.

Discussion

Our NMR experiments revealed that MOR exists in a confor-
mational equilibrium between the three conformations with
different activities, namely, fully activated, partially activated,
and inactivated conformations, and that the populations of
these conformations define the apparent signaling activity of
MOR. This function-related equilibrium was observed for the
signals from M257 and M283 on the intracellular side of
MOR, at which MOR directly interacts with the G protein
(Fig. 10). Various orthosteric ligands and the model allosteric
modulator, BMS-986122, change the signaling activity of
MOR by shifting this equilibrium (Fig. 1 B and D). It should
be noted here that the signal from M245 on TM5 (Fig. 10),
where a conformational equilibrium regulating signaling balan-
ces between the G protein and arrestin pathways was observed
in our previous report (6), exhibited the extreme line broaden-
ing upon the addition of BMS-986122 because the local envi-
ronment of M245 residue was affected by the direct interaction
with BMS-986122 (Fig. 34). Our analyses of the solvent PRE
effects demonstrated that the inactivated conformation corre-
sponds to the crystal structure of MOR in complex with the
antagonist B-FNA (87 Appendix, Fig. S10), while the intracellu-
lar half of TMG6 is outward-shifted in the fully activated con-
formation and inward-shifted in the partially activated and
inactivated conformations (Fig. 2). In the crystal structure of
MOR in complex with B-FNA (25), two aromatic residues,
Y3387>% and F345%°°, are located close to the methyl group of
M283, and the arrangement of the aromatic residues revealed
that the "H chemical shift of M283' is downfield-shifted due
to the ring-current shift effects (49) (S/ éppendix, Fig. S14).
The 'H chemical upfield shifc of M283™, as compared to
M283', indicated that the methyl group of M283 is farther
from the two aromatic residues in the partially activated confor-
mation, although TM6 is inward-shifted as in the inactivated
conformation (Fig. 2). Accordingly, the most probable confor-
mational change that moves the methyl group of M283 farther
from the two aromatic residues would be the rotation of the
intracellular half of TM6, because such rotations at the hinge
formed by a conserved proline residue, P297%°°, have been
observed for GPCRs bound to agonists (25-27, 35, 45) (S/
Appendix, Fig. S14). Taken together, the intracellular half of
TMBG6 is closed and not rotated in the inactivated, closed and
rotated in the partially activated, and open and rotated in the
fully activated conformations (Fig. 5A4). Since G proteins bind
to the cavity formed by the outward shift of the intracellular
half of TM6 (27), the finding that the intracellular half of
TMBG6 is outward-shifted accounts for the structural basis of the
higher signaling activity of the fully-activated conformation, as
also suggested for other GPCRs (28-30).

Our NMR study revealed that the allosteric modulator
BMS-986122 enhances the MOR activity by increasing the
population of the fully activated conformation in the confor-
mational equilibrium to a level that cannot be reached by
orthosteric ligands (Fig. 1 B and D). On the other hand, the
chemical shifts of the M283 signal in each conformation did
not change upon the addition of BMS-986122, suggesting that
BMS-986122 binding does not change the conformation of
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MOR by itself. Therefore, the reason why the static structures
of other GPCRs in complex with their allosteric modulators do
not exhibit significant structural differences, as compared to
those in the absence of the allosteric modulators, may be
because these structures were obtained under conditions where
the dynamic properties of GPCRs were largely suppressed by
crystallization, complexing with intracellular binders, or ther-
mostabilizing mutations, to stabilize them in one of the possible
snapshot structures in the conformational equilibrium.

Our NMR study also showed that the activity of MOR
in the full agonist DAMGO-bound state does not reach its
potential maximum because the inactivated and partially acti-
vated conformations are considerably populated in this state
(Fig. 1D), in agreements with previous reports for several
GPCRs studied by solution NMR spectroscopy (38—41). This
was strongly supported by the observation that the activity of
the N152A variant, which assumes only the fully activated con-
formation in the DAMGO-bound state, was higher than that
of MOR/AGM and was not further enhanced by the addition
of BMS-986122 (Fig. 1). These findings clearly demonstrate
that the orthosteric ligand alone is not capable of shifting the
conformational equilibrium of the MOR/AGM completely to
the fully activated conformation. The reason why even the full
agonists, with the highest efficacies among the known orthos-
teric ligands, cannot elicit the highest activity of MOR is prob-
ably because the interactions of the orthosteric ligands with the
extracellular half of TMG6 cannot be efficiently converted to
the outward shifting of the intracellular half of TM6, due to
the disconnection of the two halves at the hinge formed by the
conserved proline residue, P297 (Fig. 5). BMS-986122 binding
to the cleft around T162 on TM3 and the substitution of
N152 on TM3 to Ala both increase the population of the fully
activated conformation, where the intracellular half of TM6 is
outward-shifted. These results indicate that two different per-
turbations on TM3 result in the same conformational equilib-
rium shift at TM6. Furthermore, two mutations introduced
into the interface between TM3 and TMG6 also altered the
population of the equilibrium: The M163I variant showed an
equilibrium shift toward the fully activated conformation and
higher activity, whereas the V287A variant showed a shift
toward the inactivated conformation and lower activity (Fig. 4 B
and C). Based on these results, we propose that the hydrophobic
cluster between TM3 and TMG6 defines the equilibrium and thus
the apparent activity of MOR (Fig. 5B).

Interestingly, in some GPCRs that harbor the conserved
hydrophobic cluster formed by the residues on TM3 and TM6,
substituting these residues reportedly increase the activity in the
full agonist-bound state. For instance, substituting the valine in
CXCRL1 corresponding to V287 of MOR with an asparagine
and the threonine in CBI corresponding to M163 of MOR
with an isoleucine increases the signaling activities beyond that
of the wild type in the full agonist-bound state (7, 8). The
detailed mechanism of these increases in the activity by the
point mutations, which has been quite elusive, can be explained
by the population shifts in the function-related conformational
equilibrium, as in the case of the addition of BMS-986122 to
MOR in the full agonist DAMGO-bound state. Therefore, in
these cases, the interactions of compounds with the transmem-
brane surface on TM3 would enable the hyperactivation of
GPCREs in the orthosteric full agonist-bound state, in a manner
similar to the mutations. Thus, the mechanism of allosteric
modulator action revealed in the present study would be a gen-
eral remedy to enable the activation of GPCRs beyond the
capability of the orthosteric full agonist alone. These results
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Fig. 5. Model of MOR activation regulated by the equilibrium shift caused by the allosteric modulator. Schematic diagrams of the conformational equilib-
rium at the intracellular half of TM6 in MOR. Models of function-related conformational equilibrium of MOR in the full agonist DAMGO-bound state (A) and
the DAMGO-bound state in the presence of the allosteric modulator BMS-986122 (B). (Upper) Viewed parallel to the membrane. (Lower) Viewed from the
intracellular side. MOR bound to the full agonist DAMGO exists in equilibrium between the inactivated, partially activated, and fully activated conformations.
As compared with the inactivated conformation, the intracellular half of TM6 is rotated in the partially activated conformation and is rotated and outward-
shifted in the fully activated conformation. Upon BMS-986122 binding to the region containing T162, the population of the fully activated conformation
increases, because the steric clash between M163 and V287 stabilizes the intracellular half of TM6 in the outward-shifted position.

shed light on the development of novel analgesics targeting

affinity chromatography, FLAG affinity chromatography, and size-exclusion
MOR, and other therapeutics for GPCR-related diseases.

chromatography, as previously reported (6). Radioligand binding assays were
performed by measuring competitive displacement of [*H]diprenorphine

Methods

The human MOR construct, MOR/A6M, and its variants were expressed in Sf9
(Invitrogen) or expresSF+ (Protein Sciences Corp.) cells and purified by cobalt

PNAS 2022 Vol.119 No.16 2121918119

(PerkinElmer) using increasing concentrations of DAMGO in the presence of vehi-
cle (1% dimethyl sulfoxide [DMSO]) or BMS-986122. GIP turnover assays were
performed by using a modified protocol of the GTPase-Glo assay (Promega) in
the presence of vehicle (1% DMSO) or BMS-986122. All NMR measurements

https://doi.org/10.1073/pnas.2121918119 9 of 10



were performed on Bruker Avance 600, 800, or 900 spectrometers equipped
with cryogenic probes. Full experimental details can be found in SI Appendix, SI

Methods.

Data Availability. All study data are included in the article and/or

Sl Appendix.
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